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Abstract
The wave load on potential oﬀshore wind farms oﬀ Norway is studied by the use of a numerical wave refraction model. The
model estimates trajectories of wave energy (rays) for waves propagating in water with varying surface velocity. The calculations
indicate that for southerly and southwesterly winds the majority of shoreward propagating waves will converge in the coastal area
oﬀ southwestern Norway. For oﬀshore wave propagation directions equal to 180 ◦ and 210 ◦, respectively 88% and 72% of the
shoreward propagating rays approaches land south of Ålesund on the western part of Norway. For westerly and northerly winds the
distributions are approximately uniform. It is further found that in the case of southerly or southwesterly winds, waves approach-
ing the southern part of Norway are frequently misaligned with the wind. This will result in an increased bending moment of the
masts. For oﬀshore wave propagation direction between 180 ◦ and 240 ◦ the calculations indicate that approximately 24% of the
rays reaching the coast of Norway along its southwestern part deviates by more than 45 ◦ of oﬀshore propagation direction.
c© 2014 The Authors. Published by Elsevier Ltd.
Selection and peer-review under responsibility of SINTEF Energi AS.
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1. Introduction
Due to the regular passages of low pressure systems the coastal waters oﬀ Norway are well suited for wind energy
production. Development of oﬀshore wind farms in the shallow North Sea has been initiated, whereas the potential
for wind energy production in the deeper areas outside the continental slope has not yet been fully exploited [1], [2].
Ocean waves represent a potential hazard to oﬀshore wind turbines. In particular, it has been found that when waves
and wind are misaligned, the bending moment of the mast increases rapidly [3] [4]. For oﬀshore conditions, where
waves are little aﬀected by the topography, waves usually propagate in the same direction as the wind. However, if
encountering a current ﬁeld with strong horizontal gradients, the wave energy propagation paths, often referred to as
wave rays, may be altered, causing the waves to become misaligned with the wind.
Since the wave load may be a limiting factor on the design of the masts at the wind farm, information about the
waves approaching potential wind farms is required. Along the Norwegian coastline eddies are regularly generated
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by instabilities in the Norwegian Coastal Current [5], [6], [7], [8], and it has been shown that such eddies may
have a pronounced eﬀect on the wave energy trajectories [9]. In this paper the eﬀect of current shear on wave
energy propagation in the coastal waters oﬀ Norway is investigated. Applying sea surface velocity data obtained
from the recent development of an operational ocean model applied and drifted by the Norwegian Meteorological
Institute (NorKyst-800 [10]) and a ray tracing model [9] the wave trajectories corresponding to diﬀerent oﬀshore
wave propagation directions may be calculated. The analyses will provide statistical information about where and at
which angle relative to the wind direction wave energy will approach potential wind farms along the coast of Norway.
This will give insight into the expected wind and wave loads acting on the masts at diﬀerent locations in the coastal
waters oﬀ Norway.
2. Methods and data
2.1. Wave refraction calculations
Background and governing equations. Assuming that the surface waves under consideration obey linear wave theory,
that the relative change in water depth over wavelength is small and that the relative change in the current velocity
over wavelength and period is small, the ray equations may be obtained [11], [12]
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where r = r(t) denotes parametric curves of wave energy propagation, cg is the group velocity relative to the current
ﬁeld u, ω is the absolute angular wave frequency, k the wave number vector, σ the intrinsic angular wave frequency, h
the water depth and S (k) is the wave number spectrum. From Equation (4) it is seen that along a ray the wave action
density (S (k) /σ) is conserved. For a stationary ﬂow ﬁeld (∂u/∂t = 0) where tidal varitations over the time period of
ray propagation may be neglected (∂h/∂t = 0) it is further seen from Equation (2) that along a ray also the absolute
angular frequency is constant.
Numerical methods. Since a parametric curve in the plane is uniquely determined by its curvature, the wave trajec-
tories can be estimated once the ray curvature has been computed. A detailed description of the numerical scheme
can be found in [9]. Here only a brief overview is presented. Assuming that the curvature is slowly varying along the
ray, the curvature will be locally constant. The rays may then be modeled as a progression of circular arcs. The ray
curvature κ is calculated according to
κ =
μz · ( d rd t × d
2 r
d t2 )
| d rd t |3
(5)
where μz is the vertical unity vector. Expressing the group velocity in terms of the intrinsic angular frequency and the
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wave number
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Inserting Equations (1) and (7) into Equation (5), and applying Equations (3) and (6), κ may be calculated from k, h,
u and σ. Applying the dispersion relation, σ may be calculated from h and k as follows
σ2 = g k tanh(k h) .
Since the wave number may vary along a ray, k must be estimated prior to updating the curvature by the use of
Equation (5). This can be achieved solving the following equations
ω = σ + k · u , (8)
(cg + u) × t = 0 , (9)
where t is the tangent vector. Equation (8) is the Doppler shift equation, whereas Equation (9) reﬂects that the
trajectories are aligned with the group velocity superimposed on the current ﬁeld. Using that ω is constant along a ray
the set of equations are solved by applying Newton’s iterative method.
2.2. Data sources
NORA10 Wind and oﬀshore wave hindcast data. Wind and oﬀshore wave data are available from the NORA10
hindcast dataset. Wind data produced by the European Centre for Medium Range Weather Forecasts (ECMWF) have
been dynamically downscaled using the High Resolution Limited Area Model (HIRLAM) whereas wave data was
generated using a nested setup of the Wave prediction Model (WAM), forced by ECMWF and HIRLAM data [13].
For the present study data for three diﬀerent locations have been applied. The data covers the time period September
1957 to December 2012. Location coordinates are listed in Table 1.
Table 1. Coordinates of NORA10 data points A, B and C, applied in the study.
A B C
Latitude 59◦ 21′ N 65◦ 2′ N 70◦ 1′ N
Longitude 4◦ 48′ E 10◦ 1′ E 17◦ 3′ E
Sea surface current data. Together with the Institute of Marine Research and the Norwegian Institute of Water Re-
search, the Norwegian Meteorological Institute has developed an operational high resolution ocean model for the
Norwegian waters, NorKyst-800 [10]. The numerical ocean model ROMS (Regional Ocean Modeling System; [14])
is implemented with 35 vertical sigma layers and a horizontal resolution of 800m. Daily averages are available from
July 2012 to present date. The model domain encapsulates the Norwegian coastal area as illustrated in Figure 1.
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Fig. 1. Model domain of the NorKyst-800 model, and the applied subregions.
3. Result
3.1. Oﬀshore wave propagation direction relative to the wind
Using the NORA10 wind and wave hindcast data the percentage of how often the peak oﬀshore wave propagation
direction is deviating by less than 5 ◦ of the wind direction has been calculated for four diﬀerent regimes for the
signiﬁcant wave height. In Tables 2, 3 and 4 the results are listed together with the probability of the wave regime.
In the case of north/northeastward propagating waves (south/southwestward wind) it is seen that at Location A the
percentage is equal to 80 for signiﬁcant wave height between 0m and 2m, and close to 90 for signiﬁcant wave height
larger than 2m. At Locations B and C the percentage is somewhat lower, with values close to 70 for the smallest
waves, and equal to approximately 80 for larger waves. With eastward propagating waves the percentages of waves
deviating by less than 5 ◦ of the wind direction is similar at all three locations, with values between 59 and 75. Again it
is seen that the largest percentages are obtained for the highest values of oﬀshore signiﬁcant wave height. In the case
of south/southwestward propagating waves lower values of the percentages are obtained, with values ranging from 26
to 76. For all wave regimes it is found that the probability of event decreases with increasing oﬀshore signiﬁcant wave
height.
3.2. Ray distribution
Using the refraction model propagation paths of wave energy toward the coast of Norway can be estimated. The
coastal area oﬀ Norway is divided into twelve regions, as illustrated in Figure 1. The percentage of rays ending up in
a given region relative to all rays propagating shoreward may then be computed. In order to obtain a large data basis,
the refraction model is run for several oﬀshore wave propagation directions for each realization of the ﬂow ﬁeld. It
is thus assumed that all ﬂow ﬁelds under consideration are representative for any wave propagation direction, rather
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Table 2. NORA10 oﬀshore wave statistics for north/northeastward propagating waves: Percentage of oﬀshore waves where peak propagation
direction deviates by less than 5 ◦ of the wind direction (P5), for four diﬀerent regimes of oﬀshore signiﬁcant wave height, and the probability of
the wave regime (p) at Locations A, B and C. Oﬀshore wave propagation direction is between 165 ◦ and 255 ◦. Geographical coordinates for the
three locations are given in Section 2.2.
Location A Location B Location C
Signiﬁcant wave height [m] P5 [%] p[%] P5 [%] p [%] P5 [%] p [%]
0 − 2 80 15.8 68 15.0 68 24.6
2 − 4 88 12.2 81 13.0 76 20.6
4 − 6 87 2.8 81 4.3 76 5.4
> 6 87 0.3 83 1.4 78 1.4
Table 3. NORA10 oﬀshore wave statistics for eastward propagating waves: Percentage of oﬀshore waves where peak propagation direction deviates
by less than 5 ◦ of the wind direction (P5), for four diﬀerent regimes of oﬀshore signiﬁcant wave height, and the probability of the wave regime
(p) at Locations A, B and C. Oﬀshore wave propagation direction is between 255 ◦ and 285 ◦. Geographical coordinates for the three locations are
given in Section 2.2.
Location A Location B Location C
Signiﬁcant wave height [m] P5 [%] p[%] P5 [%] p [%] P5 [%] p [%]
0 − 2 59 19.7 60 15.7 62 17.9
2 − 4 73 8.9 74 12.2 72 14.1
4 − 6 70 2.1 73 4.1 72 3.9
> 6 62 0.5 76 1.6 76 1.3
Table 4. NORA10 oﬀshore wave statistics for south/southeastward propagating waves: Percentage of oﬀshore waves where peak propagation
direction deviates by less than 5 ◦ of the wind direction (P5), for four diﬀerent regimes of oﬀshore signiﬁcant wave height, and the probability of
the wave regime (p) at Locations A, B and C. Oﬀshore wave propagation direction is between 285 ◦ and 375 ◦ (15 ◦). Geographical coordinates for
the three locations are given in Section 2.2.
Location A Location B Location C
Signiﬁcant wave height [m] P5 [%] p[%] P5 [%] p [%] P5 [%] p [%]
0 − 2 48 24.2 26 17.6 47 8.5
2 − 4 49 9.4 49 8.8 60 5.9
4 − 6 49 1.7 66 1.5 69 1.2
> 6 54 0.4 69 0.3 76 0.2
than recomputing historical events. Seven diﬀerent oﬀshore propagation directions have been applied, from 180 ◦ to
360 ◦, with 30 ◦ bins. The wave period is set equal to 8 s.
In Figure 2 the percentage of rays entering the coast of Norway within Regions 1–12, relative to all shoreward
propagating rays, are shown. Oﬀshore propagation directions under consideration are between 180 ◦ and 360 ◦. It is
seen that for southerly/southwesterly winds most of the rays end up in Regions 1–3. When oﬀshore wave propagation
direction are from west and north, the rays are more equally distributed between the regions, but also for westerly
winds more waves are seen to approach the Norwegian coast within Regions 2 and 3.
3.3. Wave propagation direction relative to the wind direction
By calculating the angle at which the rays approach land, normalized distributions of near shore wave direction
relative to oﬀshore wave propagation direction for Regions 1–12 have been computed. Three scenarios are considered:
southerly/ southwesterly winds (180 ◦–240 ◦), westerly winds (270 ◦–300 ◦) and northerly winds (330 ◦–360 ◦). Results
are shown in Figures 3, 4 and 5. The greatest eﬀects of current refraction are found for southerly/southwesterly winds.
For this wind regime the average value of nine of the twelve regions are lower than −20 ◦. The highest value is found
in Region 12 (−7 ◦), where current refraction is of less importance. In addition to large diﬀerences in the average
values, it is also seen that when waves propagate from south/southwest the distributions of the southernmost regions
have peaks also for angles much less than 0 ◦, indicating that the occurrence of more extreme values is a relatively
frequent event. In contrast, when only westerly and northerly winds are considered, waves approach land at angles
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Fig. 2. Percentage of rays reaching land within Regions 1–12 relative to all rays reaching the coast of Norway for oﬀshore propagation directions
180 ◦–360 ◦ with 30 ◦ intervals. Regions are deﬁned in Figure 1.
similar to the oﬀshore values. In these cases the expected values are all deviating by less than 10 ◦ of the oﬀshore
propagation directions.
In Table 5 the percentage of rays approaching land at angles deviating from oﬀshore propagation direction by more
than 45 ◦ are listed. It is seen that the highest percentages are found at the western part of Norway (Regions 1, 2 and
3) , where in the case of southerly/southwesterly winds, the percentage is between 20 and 28. Lowest values are found
for Region 12 (1%). For westerly and northerly winds it is seen that, with the exception of Region 12, the percentages
are considerably lower compared to when winds are from south/southwest.
Table 5. Percentage of rays reaching Regions 1−12 at angles deviating by more than 45 ◦ of oﬀshore propagation direction, for waves with oﬀshore
propagation directions between 180 ◦ and 240 ◦ (southerly/southwesterly winds), 270 ◦ and 300 ◦ (westerly winds) and 270 ◦ and 360 ◦ (northerly
winds).
1 2 3 4 5 6 7 8 9 10 11 12
180 ◦–240 ◦ 20 28 21 15 14 14 14 11 10 10 10 1
270 ◦–300 ◦ 5 1 1 2 3 4 3 2 3 2 2 3
330 ◦–360 ◦ 5 2 1 2 2 1 1 2 2 2 1 0
4. Discussion and conclusion
The goal of the present paper has been to increase the insight into the wave load on potential wind farms in the
coastal area oﬀ Norway by the use of a refraction model. The refraction calculations are based upon several assump-
tions that must be addressed. In this study it has been assumed that wind and oﬀshore wave propagation directions
are equal. This will be true for locally wind generated waves, but in the case that the wind changes direction rapidly,
swells/old sea may also be part of the wave spectrum. In this case the refraction model cannot provide information
 Ole Henrik Segtnan /  Energy Procedia  53 ( 2014 )  193 – 201 199
Fig. 3. Normalized distributions of near shore wave direction relative to oﬀshore wave propagation direction for twelve diﬀerent regions oﬀNorway.
Considered oﬀshore wave propagation directions are from 180 ◦ to 240 ◦. Regions are deﬁned in Figure 1.
Fig. 4. Normalized distributions of near shore wave direction relative to oﬀshore wave propagation direction for twelve diﬀerent regions oﬀNorway.
Considered oﬀshore wave propagation directions are from 270 ◦ to 300 ◦. Regions are deﬁned in Figure 1.
about the angle between wind and waves. In Section 3.1 it was found that the percentage of oﬀshore wave propa-
gation direction that deviates by less than 5 ◦ ranges from 26 to 88. For north/northeasterly propagating waves it is
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Fig. 5. Normalized distributions of near shore wave direction relative to oﬀshore wave propagation direction for twelve diﬀerent regions oﬀNorway.
Considered oﬀshore wave propagation directions are from 330 ◦ to 360 ◦. Regions are deﬁned in Figure 1.
everywhere higher than 68, and at Location A the minimum value is 80. This indicates that for south/southwesterly
winds the oﬀshore wave propagation and wind direction will usually be aligned, and therefore the calculated angle
between the wind and wave propagation direction near shore will be most accurate for south/southwesterly winds,
and especially in the southernmost regions. Also in the case of westerly winds oﬀshore waves and winds will often
be aligned, as the calculated percentages range from 59 to 76. With the exception of the highest waves at Location A,
the percentages increases for increasing oﬀshore signiﬁcant wave height, indicating that in the case of larger waves,
which may provide more severe damage to oﬀshore constructions, the oﬀshore wave propagation is often in the same
direction as the wind. In contrast, when waves are propagating south/southeastward oﬀshore waves are to a less extent
aligned with the wind, and in order to estimate the angle between wind and wave direction near land information
about both oﬀshore wave propagation and wind direction must be known before ray calculations are made.
Another assumption that has been made is that a given current ﬁeld may be applied for diﬀerent oﬀshore wave
propagation directions. This can be done if the dominating features of the currents are not determined by the wind
ﬁeld. It has been found that the large horizontal velocity shear in the Norwegian Coastal Current are related to the
freshwater transport in the area [15], which is determined by the circulation in the Baltic Sea as well as river runoﬀ
from Norway. It has further been suggested that eddies and meanders are eﬃciently advected with the mean currents
[16], indicating that the location, size and whirl speed of eddies in the Norwegian Coastal Current are not strongly
related to wind ﬁeld. This indicates that for statistical purposes the assumption that a given ﬂow ﬁeld is representative
for wave propagation directions from 180 ◦ to 360 ◦ will be valid.
Although the above discussion indicates that there may be limitations to each individual refraction calculation,
systematic errors are not expected and the distributions presented in Section 3 will therefore provide statistical infor-
mation about where and at what angle waves will approach the coastal area oﬀ Norway. In Section 3 it was found
that when waves are propagating from south and west, rays are more likely to approach the coast of Norway along its
southwestern part (Regions 2 and 3), and that here the greatest wave refraction eﬀects occur, indicating that the fatigue
loads will increase due to wave-wind misalignment. In these areas it may also be expected that rays are crossing which
produces pyramid shaped waves. This type of waves is especially dangerous for personnel performing operations near
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the oﬀshore wind farm. The potential danger is enhanced by the fact that such waves may occur independently of
other local conditions.
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